Social isolation is a major source of stress and can lead to activation of the hypothalamic-pituitary-adrenal (HPA) axis. The presence of a close social partner can reduce the magnitude of the HPA-axis response during a stressor, a phenomenon known as social buffering. The oxytocin (OXT) system has been identified as one candidate for mediating social buffering due to its role in the facilitation of social bonding and the expression of prosocial behavior. The goal of the present study was to determine whether the OXT system contributes to social buffering of HPA-axis activity in response to stressor exposure in marmoset monkeys (Callithrix jacchus). Male and female marmosets experienced a standardized psychogenic stressor with and without their long-term mate under OXT-treatments (Pro 8 -OXT, Leu 8 -OXT, OXT antagonist, and saline); we assessed HPA-axis activity by measuring urinary cortisol across the stressor. We found that blocking, but not augmenting, the OXT system altered patterns of cortisol and proximity behavior in response to a stressor. We demonstrated that (1) the presence of a mate during a stressor significantly attenuated HPA-axis activity in female, but not male, marmosets; (2) male, but not female, marmosets treated with an OXT antagonist had significantly higher HPA-axis activity across the stressor than when they were treated with saline, suggesting that the OXT system may reduce the stressor-induced rise in cortisol levels; (3) male and female marmosets treated with an OXT antagonist spent significantly less time in close proximity to their mate during the first 30 min of the stressor than when they were treated with saline, suggesting that the OXT system may be important for the expression of partner-seeking behavior during a stressor. Thus, the OXT system and social context differentially influenced how the HPA-axis responded to a stressor in male and female marmosets, and may modulate HPA-axis activity by promoting the expression of proximity behavior with a close social partner.
Introduction
Social disruption, isolation, and neglect are major sources of stress and can negatively impact health and well-being (McEwen, 2008) , as well as contribute to dysregulation of the hypothalamicpituitary-adrenal (HPA) axis (Smith and Wang, 2012) . Long-lasting social relationships and positive social interactions can serve as resilience factors against stressors. These relationships, including the bonds between parents and offspring, peer friendships, and adult male-female bonds provide critical social resources that operate as protective mechanisms against environmental challenges, including predation, inter-and intra-group aggression, disease, as well as psychogenic stressors (Ditzen and Heinrichs, 2014) . The social support originating from these close social partnerships can help mitigate the deleterious consequences of social stress through HPA-axis attenuation (Ditzen et al., 2008; Smith et al., 1998) , a phenomenon known as social buffering (Cohen and Willis, 1985) . Thus, the formation and preservation of long-lasting, social relationships may be an adaptive behavioral strategy for maintaining physiological and psychological well-being and reducing the detrimental health consequences of psychogenic stress.
While there are a number of biological pathways that contribute to the stress-buffering effect of social support (Hostinar et al., 2014) , the oxytocin (OXT) system has been identified as a leading candidate for the regulation of social buffering due to its role in the facilitation of social bonding and the expression of prosocial behavior (Johnson and Young, 2015) . The HPA-axis activity reducing, and anxiolytic properties of OXT have been identified in a variety of model species, including rodents, humans, and non-human primates (Neumann and Landgraf, 2012) . For instance, OXTdeficient mice displayed more anxiety-like behavior and had higher corticosterone levels than wild-type mice following a psychogenic stressor (Amico et al., 2004) . In socially monogamous New World primates, social isolation increased HPA-axis activity and anxietylike behaviors (Fernandez-Duque et al., 1997; Rukstalis and French, 2005; Smith et al., 1998) , and it appears that OXT treatment can reduce the magnitude of the physiological stress response. In particular, chronic intranasal OXT administration reduced circulating adrenocorticotropic hormone (ACTH) following 90 min of social isolation (Parker et al., 2005) . In humans, central and peripheral OXT release during social support from a long-term partner following a stressor facilitated the attenuation of the HPA-axis and anxiety-like behavior (Grewen et al., 2005; Heinrichs et al., 2003) . When OXT was administered intranasally during conflict in marital couples, positive communication between partners increased and circulating cortisol levels decreased (Ditzen et al., 2009 ), relative to individuals that received a placebo. Furthermore, positive couple interactions have a stress buffering effect on total daily cortisol secretion (Ditzen et al., 2008) . Thus, the salubrious effects of social support occur in large part as a result of the positive social interactions among close social partners, and it appears that OXT maybe be a key anxiolytic agent and HPA-axis modulator during stressors.
Marmosets (Callithrix jacchus) are a highly social, cooperativelybreeding New World primate that readily form and maintain long-term, male-female relationships (Digby, 1995; Schaffner et al., 1995) . Marmosets employ several long-term mating behaviors, including expressing high levels of sociality with a pair-mate (Schaffner et al., 1995) , a pronounced stress response to social disruption (Rukstalis and French, 2005) , aversion to an oppositesex stranger in the presence of a pair-mate (Inglett et al., 1990) , and aggressive responses to potential same-sex rivals (Ross et al., 2004) . In marmosets, a single nucleotide substitution in the coding region of the OXT gene leads to a unique OXT ligand (Pro 8 -OXT), with distinct structural and physicochemical properties from consensus mammalian OXT (Leu 8 -OXT; Lee et al., 2011; Ren et al., 2015; Vargas-Pinilla et al., 2015) . Furthermore, this ligand variation is associated with significant changes in the marmoset oxytocin receptor (OXTR; Ren et al., 2015) and social phenotype (Cavanaugh et al., , 2014 Mustoe et al., 2015; Taylor and French, 2015) .
Previous experimental work in marmosets has shown that the OXT system is involved in the expression of social behavior between pair-mates. Blocking endogenous OXT activity by administering an oral OXT antagonist (OXTA) significantly diminished sociality in newly-formed pairs (Smith et al., 2010) . Additionally, administration of Pro 8 -OXT, but not Leu 8 -OXT, facilitated partner fidelity by reducing the time spent in close proximity with, and sociosexual behavior toward, an opposite-sex stranger (Cavanaugh et al., 2014) , and reduced prosocial responses toward an opposite-sex stranger during an altruistic food-sharing task . However, we have also demonstrated that both the Pro 8 and Leu 8 variants of OXT influence social phenotype. Administration of Pro 8 -OXT or Leu 8 -OXT altered marmosets' stimulus properties in such a way as to enhance the social attractiveness of an OXT-treated individual during social interactions with their pair-mate . In a similar vein, intranasal administration of Leu 8 -OXT subtly augmented sociality in newly formed marmoset pairs (Smith et al., 2010) , and intracerebroventricular (icv) administration of Leu 8 -OXT enhanced paternal tolerance for food sharing with offspring (Saito and Nakamura, 2011) . Thus, the threshold for alteration of social behavior via OXT ligand administration may differ across measures of social behavior (i.e., offspring care, food sharing, partner preference, proximity, grooming). Furthermore, Pro 8 -OXT and Leu 8 -OXT likely produce differential binding affinity with the OXTR (Ren et al., 2015) , and neural circuits underlying marmoset sociality may be differentially sensitive to the two forms of OXT.
Thus, we sought to examine the influence of both Pro 8 -OXT and Leu 8 -OXT on social buffering in marmosets.
The current study examined the potential that the OXT system mediates the attenuation of the stress response from social support by measuring changes in HPA-axis activity, as well as affiliative and anxiety-like behavior, during stressor exposure in marmosets. If social relationships are an important mediator of social buffering, then excreted levels of cortisol and the expression of anxietylike behavior should be reduced when an individual's pair-mate is present, relative to when an individual's pair-mate is absent, during a novel housing stressor. If the OXT system regulates these social buffering effects, then stressor-exposed marmosets treated with an OXTA should fail to display reductions in cortisol and anxietylike behavior when their pair-mate is present, relative to when their pair-mate is absent. Treatment with an OXTA is also expected to reduce, while treatment with an OXT agonist is expected to enhance, measures of social behavior during a stressor when an individual's pair-mate is present. Furthermore, stressor-exposed marmosets treated with an OXT agonist should display reductions in cortisol and anxiety-like behavior regardless of whether their pair-mate is absent or present. If structural changes in the OXT ligand are biologically relevant, then marmosets treated with Pro 8 -OXT, but not Leu 8 -OXT, should display enhanced social behavior when their pair-mate is present and decreased cortisol secretion regardless of whether their pair-mate is absent or present.
Method

Subjects
Five adult male and five adult female white-tufted ear marmosets (C. jacchus), housed at the Callitrichid Research Center (CRC) at the University of Nebraska at Omaha, experienced a standardized novel housing stressor known to reliably elevate cortisol in adult marmosets (Rukstalis and French, 2005; Smith et al., 1998) . Animals were 4.3 ± 0.2 (mean ± SEM) years of age at the start of the study, and had cohabitated with the same partner for 15 months in large indoor wire-mesh enclosures (1.0 × 2.5 × 2.0 m), equipped with a sleeping hammock, natural branches for climbing and various enrichment materials. Visual access was restricted between enclosures, but auditory and olfactory cues were not. Colony rooms at the CRC were maintained on a 12 h:12 h light:dark cycle and at a temperature range between 19 • C and 22 • C. For all dietary and husbandry protocols please refer to (Schaffner et al., 1995) . The University of Nebraska at Omaha/University of Nebraska Medical Center Institutional Animal Care and Use Committee evaluated and approved all procedures: 12-099-12-FC.
Behavioral paradigm
Marmosets were exposed to a standardized novel housing stressor both with and without their long-term mate during four counterbalanced OXT-treatment conditions, over a series of eight treatment periods (2 contexts × 4 OXT-treatments). On the day of the stressor, the subject was removed from its home enclosure at 0830 h, administered an OXT-treatment, and transferred to a transport enclosure (0.3 × 0.3 × 0.3 m) located in a room some distance from the colony room that contained the pair's home enclosure. The marmoset was then transferred to a larger enclosure (0.6 × 0.6 × 0.6 m) at 0900 h and remained in this environment until 1600 h. Each member of a pair was treated separately during each treatment period, and treatments were administered in a counterbalanced order. Sequence of treatments within each individual was also counterbalanced. There was a 14-28 day washout period between drug treatments. For each drug treatment condition, marmosets experienced the novel housing stressor once with their long-term mate present and once with their long-term mate absent. The treated marmoset had visual, acoustic, and olfactory, but not physical, access to their partner during the partner-present condition. The untreated partner remained in the home-enclosure during the partner-absent condition. We measured the latency, rate, and duration of behavioral responses (Table 1) during two 30-min videotaped focal observations at 0900 h and 1300 h during the stressor. Social interactions between pair-mates were also observed the day prior to, the day of, and the day after the stressor at 1600 h during 20-min focal observations in the pair's home enclosure. All observers were trained to achieve a level of reliability (Ä > 0.90) on scoring marmoset behavior. All focal animal observations were recorded using Stopwatch + software (Emory University).
Drug treatments 2.3.1. Intranasal administration of OXT agonists
Marmosets received an intranasal treatment of saline or one of two different OXT agonists (25 IU; 50 g/100 L saline solution) that yielded a dose of 150 g/kg. The dose was determined based on previous primate literature (Cavanaugh et al., 2014; Heinrichs et al., 2003; Mustoe et al., 2015; Parker et al., 2005; Smith et al., 2010) . Marmosets were administered Pro 8 -OXT (i.e., the marmoset variant of OXT; synthesized by Anaspec Corp., California), Leu 8 -OXT (i.e., the consensus mammalian variant of OXT; synthesized by Maurice Manning, University of Toledo), or saline 30 min prior to stressor exposure, via intranasal administration during a brief (∼3 min.) manual restraint. Intranasal administration was accomplished using a 100-L Eppendorf pipette to administer 50 L of solution to each nostril drop-wise (30 s between each nostril), and is a relatively well-tolerated, non-invasive method of administration.
Peptides administered intranasally are quickly absorbed into the bloodstream via the nasal passage (Pires et al., 2009) , and some fraction of the peptides appear to bypass the blood-brain barrier (BBB) to access the central nervous system (CNS) via the olfactory bulb and the maxillary branch of the trigeminal nerve (MacDonald and Feifel, 2013) . Intranasal neuropeptides are transported to the CNS and accumulate in the cerebrospinal fluid (CSF) in humans (Striepens et al., 2013) and macaques (Dal Monte et al., 2014) . In rats and mice, OXT levels were increased in microdialysates from the hippocampus and amygdala, and in plasma 30-60 min after intranasal administration (Neumann et al., 2013) . Elevated circulating levels of OXT after intranasal treatment persist for up to, but no more than 7-h in humans (van IJzendoorn et al., 2012) . These results suggest that intranasal administration rapidly increases OXT levels in the brain and plasma during the timeframe of our behavioral testing, and that OXT clears the system several hours after testing.
Oral administration of OXT antagonist
Marmosets were treated with 20 mg/kg of an OXTA, or saline, 90 min prior to stressor exposure, via oral administration in a preferred food treat. Marmosets received a saline-treated food treat 90 min prior to stressor exposure during Pro 8 -OXT, Leu 8 -OXT, and saline intranasal treatment conditions. Marmosets also received intranasal saline 30 min prior to stressor exposure during the OXTA treatment condition. The OXTA (L368,899 ® ; provided by Dr. Peter Williams, Merck & Co., Inc.) is readily absorbed by the bloodstream after passage through the digestive system (Thompson et al., 1997) , penetrates the CNS after peripheral administration, accumulates in areas of the limbic system (Boccia et al., 2007) , and reduces affiliative social behavior in newly-paired marmosets (Smith et al., 2010) .
Hormone analysis
Urine samples were collected across six days to measure excreted cortisol prior to, during, and following the stressor. Firstvoid urine samples were collected using non-invasive techniques described by French et al. (1996) between 0600 and 0800 h on days 1-6 (two days prior to the stressor, the morning of the stressor, and three days following the stressor; stressor occurred on Day 3). Urine samples were also collected once per hour between 0900 h and 1600 h during the stressor, and at 1700 h and 1800 h post pairmate reunion in their home enclosure (Fig. 1) . The clearance rate from cortisol secretion to cortisol excretion in urine occurs within 2.5 h in marmosets (Bahr et al., 2000) . After collection, urine samples were centrifuged at 2000 rpm for five minutes to separate sediment from the sample. The supernatant was then transferred to a clean vial and stored at −20 • C pending assay.
Excreted cortisol concentrations were measured via enzyme immunoassay, which has been validated for use in marmosets (Smith et al., 1998) . Briefly, urine samples were diluted in distilled water (1:3,200 or 1:6,400) to fall within the standard curve. Microtitre plates were coated with cortisol antibody (3.6.07), diluted to 1:25,000 in bicarbonate coating buffer, and incubated for 12 h. Cortisol standards ranged from 1000 to 7.8 pg/well. Labeled cortisol horseradish peroxidase (HRP; R4866) was diluted 1:30,000 in PBS. After the 12-h incubation, 50 L of PBS was added to each well, followed by 50 L of the extracted urine samples or cortisol standards. After 50 L of HRP was added, the plates were set to incubate for two hours. Free and bound hormones were separated, after which an EIA substrate (ABTS, H 2 O 2 ) was added. Absorbance at 405-nm was measured in a microplate reader. The mass of cortisol is expressed in g per mg of creatinine (Cr) to control for variation in the solute concentration of the urine samples. Creatinine was measured using a standard Jaffé reaction colorimetric assay (French et al., 1996) . Intra-assay coefficients of variation (CV) for high and low concentration pools were 5.39% and 4.02%, respectively. Inter-assay CVs for the same high and low concentration pools were 14.24% and 12.02%, respectively.
Data analysis
To assess whether OXT treatment altered HPA-axis activity (measured by cortisol excretion) we calculated several derived variables, Reactivity, AUC g , AUC i , and Regulation. Baseline cortisol values were calculated by averaging first-void cortisol concentrations from days 1-3. The post-stressor cortisol value was calculated by averaging first-void cortisol concentrations from days 4-6. Hourly samples (0900-1800 h) during collection were collapsed into 2-h blocks (extrapolation for missing samples was not necessary; there was never two consecutive hours of missing samples). First, Reactivity was defined as the difference between the maximum cortisol concentration during the stressor and the baseline value (Reactivity was also calculated as a percentage relative to baseline: Reactivity%). Second, we calculated the area under the curve (AUC) of the cortisol response across the stressor in two ways. AUC g was calculated using the trapezoidal method to measure the area under the cortisol response curve with respect to a cortisol value of 0 g/mg creatinine. AUC i was calculated by measuring the area under the cortisol response curve with respect to baseline. Each measure provides different information about how the HPA-axis responds to the stressor (AUC g is an estimate of total cortisol exposure, AUC i is an estimate of cortisol increase over baseline; (French et al., 2012; Pruessner et al., 2003) . Lastly, Regulation was defined as the difference between the post-stressor value and the baseline value). We evaluated the effect of drug treatment and social context on cortisol across the stressor using severalmixed model ANOVAs, with time of day, OXT-treatment, and partner presence or absence as within-subject factors, and sex as a between-subject factor (7 × 4 × 2 × 2). The effects of drug treatment and social context on derived measures of cortisol and behavior exhibited during the stressor were also evaluated (4 × 2 × 2). If main effects or interactions were significant, post-hoc comparisons were made using Bonferroni's correction. All alpha levels were set at p < 0.05.
Results
Exposure to a novel housing stressor had pronounced effects on HPA-axis activity, indicated by a three-fold increase in excreted cortisol levels, in male and female marmosets [F(6,48) = 20.47, p < 0.001, Á 2 = 0.72] (Fig. 2) . Female, but not male, marmosets that were exposed to a stressor with their partner present had lower derived measures of HPA-axis activity than females exposed to a stressor alone (Fig. 3A-C) . Female marmosets exposed to a stressor with their partner present had significantly lower (Fig. 3A-C) . The presence or absence of their partner did not influence regulation of excreted cortisol levels in male and female marmosets after cessation of the novel housing stressor [F(1,8) = 0.10, n.s.] (Fig. 3D) .
OXT-treatment significantly influenced derived measures of HPA-axis activity in male, but not female, marmosets. OXTtreatment significantly altered cortisol reactivity [F(3,12) = 6.88, p = 0.006, Á 2 = 0.63], AUC g [F(3,12) = 14.45, p < 0.001, Á 2 = 0.78], and AUC i [F(3,12) = 7.15, p = 0.005, Á 2 = 0.64] in male marmosets, but not in females [F's < 2.10, n.s.]. Males treated with an OXTA had significantly higher cortisol reactivity (Fig. 3E ), AUC g (Fig. 3F) , and AUC i (Fig. 3G ) than when they were treated with Pro 8 -OXT, Leu 8 -OXT or saline. Regulation of excreted cortisol levels after cessation of the novel housing stressor was unaffected by OXT-treatment in males and females [F(3,24) = 0.69, n.s.] (Fig. 3H) . OXT-treatment did not significantly alter derived measures of HPA-axis activity differentially between conditions when an individual's partner was present versus absent in males and females [F's < 0.59, n.s.].
The expression of proximity behavior during the novel housing stressor was modulated by OXT-treatment in male and female marmosets when their partner was present, but not when their partner was absent. Male and female marmosets administered an OXTA spent significantly less time in close proximity to the adjacent enclosure during the first 30 min of the stressor when their partner was present, regardless of the location of their untreated 
Discussion
Exposure to positive social interactions and social support from a close social partner during a stressful event has a substantial impact on short-term well-being. Several neurobiological pathways have been proposed as regulators of social buffering, including the sympathetic nervous system, HPA-axis, and the OXT system (Ditzen and Heinrichs, 2014 ). Here we examined how the HPA-axis responded to a psychogenic stressor in marmoset monkeys, and whether partner-presence and OXT-treatment altered the stressor-induced rise in cortisol levels. We demonstrated that the presence of a mate during a stressor significantly attenuated HPA-axis activity in female, but not male, marmosets, relative to experiencing a stressor when their partner was absent. This suggests that the mere presence of a close social partner during a stressor, even devoid of physical contact, buffers HPA-axis activity in female marmosets. The OXT system appears to be important in attenuating the physiological stress response. Male marmosets treated with an OXTA had significantly higher HPA-axis activity across the stressor than when they were treated with saline, suggesting that the OXT system may reduce the stressor-induced rise in cortisol levels in male, but not female, marmosets. However, intranasal administration of an OXT agonist did not alter measures of HPA-axis activity in male and female marmosets, regardless of partner presence or absence. Additionally, male and female marmosets treated with an OXTA spent significantly less time in close proximity to their pair-mate during the first 30 min of the stressor, relative to when they were treated with saline, suggesting that the OXT system may be important for the expression of partner-seeking behavior during a stressor.
Male and female marmoset's HPA-axis differentially responded to the presence or absence of a long-term mate during a stressor. Females had reduced cortisol levels across the stressor when their partner was present, relative to when their partner was absent, while males appeared to be unaffected by the presence or absence of a partner, suggesting that females benefited more from the presence of their partner than males. This finding is in line with the "tend-and-befriend" behavioral response to stressors put forth by Taylor et al. (2000) . They proposed that some species appear to utilize a different suite of behavioral responses to a threat/challenge than the traditional "fight or flight" describes, namely by nurturing offspring (i.e., tending pattern) and enhancing affiliation with group members (i.e., befriending pattern) as a means to ameliorate the deleterious consequences of stress (Geary and Flinn, 2002; Taylor, 2006) . Both male and female marmosets respond positively to vocal contact, as isolated marmosets exposed to only a partner's contact vocalization (i.e., phee call) had significantly lower cortisol levels than marmosets exposed to a stranger's vocalization or no vocalization (Rukstalis and French, 2005 ). In the current study, male and female marmosets displayed moderately more contact calls when their partner was absent than when their partner was present, suggesting that isolated marmosets are motivated to reestablish contact with their pair-mate. Male marmosets may have been less responsive to the presence of a pair-mate during a stressor in the current study because their female partner may not have provided them with the requisite social support, males may not have sufficiently perceived the social support, or males may have required physical contact to buffer against psychogenic stress.
Cohen and Willis (1985) proposed two models of social support: (1) embedding within a social network generates positive outcomes by providing stability, predictability, and an improved ability to cope with stressors; (2) benefits of social support occur directly at the time of the stressor, and could be produced by either the presence of a social partner or by providing social support via active intervention (e.g., vocal reassurance, physical contact). In either case, an individual's social partner may provide social support by modulating the psychological (i.e., perceived intensity of the stressful stimuli) and/or physiological (i.e., autonomic nervous system activity) response (Levine, 1993; Smith et al., 1998 ). In the current study, it is clear that the presence of a long-term mate buffered HPA-axis activity in female marmosets. However, it is not clear if females' stress responses were buffered as a result of relationship stability or active social interaction during stressor exposure. Female marmosets stress response was likely attenuated from simply having a long-term mate (Model 1) and from the presence of their long-term mate during a stressor (Model 2).
There is burgeoning evidence that the OXT system has a neuromodulatory role in the attenuation of the stress response. In the current study, male, but not female, marmosets administered an OXTA had significantly higher HPA-axis activity across the stressor, relative to when they were treated with saline. This suggests that the OXT system may attenuate the stressor-induced rise in cortisol levels in male marmosets. The OXT system likely modulates the physiological stress response via mechanisms within the paraventricular nucleus of the hypothalamus (PVN; Neumann et al., 2000; van den Burg et al., 2015) , as well as the interaction between the PVN and the bed nucleus of the stria terminalis (BNST; Dabrowska et al., 2011) . While a reciprocal neuroanatomical connection between the PVN and BNST may explain how OXT influence stress buffering generally (MacDonald and Feifel, 2014) , it does not explain why only male marmosets were influenced by an OXTA intervention. Perhaps female marmosets had sufficient endogenous OXT activity to overcome the OXTA intervention. However, there are currently no data showing that female marmosets have differential OXTR distribution across neural regions, greater expression of OXTR within the PVN or BNST, or higher circulating levels of OXT, than males. It is also possible that functional differences, rather than neuroanatomical ones, in the OXT system of males and females may underlie this difference (de Vries, 2008) .
While OXTR blockade by OXTA appears to increase HPAaxis activity, intranasal administration of OXT agonists did not attenuate HPA-axis activity or alter behavioral responses to a stressor in marmosets, regardless of partner presence or absence. Intranasal administration of OXT has been shown to buffer cortisol responses in humans (Cardoso et al., 2013a) , and in combination with social support, OXT enhanced cortisol reduction, relative to social support alone (Heinrichs et al., 2003) . Administration of intranasal OXT (Leu 8 -OXT: the consensus mammalian variant or Pro 8 -OXT: the marmoset variant) in marmosets did not significantly ameliorate stressor-induced increases in cortisol. Previously, we demonstrated that intranasal Pro 8 -OXT exerted more potent effects than intranasal Leu 8 -OXT on fidelity-threatening behaviors in well-established marmoset pairs, by decreasing social motivation to interact with an opposite-sex stranger (Cavanaugh et al., 2014; Mustoe et al., 2015) . Administration of intranasal Leu 8 -OXT has also been shown to modulate social behavior in marmoset pairs Smith et al., 2010) , as well as fatheroffspring interactions (Saito and Nakamura, 2011) . Thus, it appears that the threshold for alteration of social behavior by OXTR activation may differ across measures of social behavior. However, it is currently unknown if Pro 8 -OXT and Leu 8 -OXT have differential binding affinities for the OXTR, if there are differential intracellular signaling cascades associated with each OXT variant, or if neural circuits that mediate different aspects of the social phenotype are differentially sensitive to the two variants of OXT.
These data also raise the intriguing possibility that ligand variation in OXT may produce differential social phenotypes in part as a consequence of interactions with vasopressin receptors, particularly V1aR. We know that pharmacologically (Gimpl and Fahrenholz, 2001) , physiologically (Meyer-Lindenberg et al., 2011) , and behaviorally (Schorscher-Petcu et al., 2010; Song et al., 2014) there is considerable crosstalk between OXT and V1aR, lending considerable credence to this possibility. However, the binding affinity of Pro 8 -OXT and Leu 8 -OXT for marmoset arginine-vasopressin (AVP) receptors is currently unknown. While OXT appears to have HPA-axis activity reducing properties (Neumann and Landgraf, 2012) , activation of AVP receptors has been shown to increase HPAaxis activity (Ebstein et al., 2009; Shalev et al., 2011) . OXT and AVP appear to have opposing effects on the HPA-axis response to stressors, with AVP augmenting, and OXT attenuating HPA-axis activity (Legros, 2001) . Thus, this cross talk could potentially diminish the OXT agonist specific effects by activating both AVP and OXT receptors, rather than specifically targeting the OXT system.
While there is no evidence that male and female marmosets have dissimilar distributions of OXT immunoreactive neurons in the PVN, supraoptic nucleus of the hypothalamus (SON), BNST, or the medial amygdala (Wang et al., 1997) , the BNST (an important relay site within the HPA-axis; Choi et al., 2007) is sexually dimorphic in AVP distribution, with male marmosets expressing more AVP + neurons than females (Wang et al., 1997) . Thus, the sex difference observed in marmosets' HPA-axis response to a psychogenic stressor might be mediated by activation of both OXT and AVP systems. Additionally, the interaction between the hypothalamicpituitary-gonadal (HPG) axis (particularly via estrogen receptors ␣ and ␤) and the OXT system (Choleris et al., 2003; Gabor et al., 2012; Tribollet et al., 1990 ) may explain some of the observed sex differences. Estrogens appear to regulate OXT production in the PVN through ER-␤, and regulate OXTR transcription in the amygdala through ER-␣ (Choleris et al., 2003) . Thus, there is a distinct likelihood that differential estrogen receptor activity in male and female marmosets may have impacted OXTR responsiveness to OXT treatment. Further examination of the interaction between the OXT system and the HPG-axis would provide valuable insight into sex-specific responses to psychogenic stressors.
Marmosets characteristically utilize proximity and grooming behavior to facilitate the maintenance of their bond Schaffner et al., 1995) . Thus, one potential explanation that intranasal OXT did not buffer physiological and behavioral responses to a stressor is that marmosets were not receiving the compulsory social support from their pair-mate. Since both members of the pair experienced the stressor, and physical access was restricted, the untreated partner may not have been able to give and receive physical social support. Moreover, it is possible that vicarious anxiety (i.e., seeing one's partner experiencing a stressor) counteracted the beneficial stress-buffering properties of their partner's presence. One emerging hypothesis is that OXT enhances the sensation of socio-emotional features of the environment. Thus, in conditions when an individual does not receive social support and has increased levels of OXT they may be more sensitive to the social stress (Eckstein et al., 2014) . This adverse effect of OXT may be due to its ability to enhance self-referential processing and awareness of one's own current state (Hurlemann and Scheele, 2015) , consequently increasing the magnitude of the stress response. Through enhancing the salience of social cues OXT treatment may make individuals more sensitive to social cues, both positive and negative in nature, resulting in enhanced sensitivity to emotional stimuli (McQuaid et al., 2014) .
While OXT agonists did not significantly influence behavioral responses, treatment with an OXTA did alter marmosets' expression of affiliative behavior during a psychogenic stressor. Male and female marmosets treated with an OXTA spent significantly less time in close proximity to their partner's enclosure during a stressor, relative to when they were treated with saline. Thus, one effect of OXTR blockade may be reduced motivation to engage in affiliative behavior with a partner during a stressor, which subsequently limits the amount of social support an individual can receive. This result provides further support for the "tend-and-befriend" hypothesis. The OXT system has been proposed as a regulator of the "tend-and-befriend" behavioral response to stressors as a motivator to seek social support during threat/challenge (Cardoso et al., 2013b; Taylor, 2006; Taylor et al., 2000) . In the context of the current study, marmosets treated with an OXTA spent less time in proximity with their long-term mate during a psychogenic stressor, suggesting that the OXT system plays an important role in promoting contact with a social partner during stressors.
In a recent report, non cooperatively-breeding capuchin monkeys treated with an intranasal OXT agonist spent less time in proximity with a social partner in a food-sharing task (Brosnan et al., 2015) . This finding is in stark contrast to the effects of OXT in the cooperatively-breeding marmoset, where administration of an intranasal OXT agonist enhanced affiliation with social partner (Cavanaugh et al., 2014; Mustoe et al., 2015; Smith et al., 2010) . Brosnan et al. (2015) suggested that treatment with OXT elicited an anxiolytic response, thus diminished the motivation, and potentially the need, for social contact (which can be anxiolytic itself; Ditzen and Heinrichs, 2014 ). In the current study, the greater distance between pair-mates during the stressor as a result of OXTA administration may have limited the positive effects of the partner's presence. Therefore, as opposed to endogenous OXT acting directly on the HPA-axis and reducing the physiological stress response, another explanation is that the endogenous OXT system acts to promote affiliative behavior between social partners, and this increase in positive social behavior subsequently regulates HPA-axis activity. We demonstrated that administration of an OXTA reduced proximity to long-term mate, which may have had the consequence of limiting the amount of social support the subject was able to receive. These findings suggest that the OXT system may be an important regulator of partner-seeking behavior during stressors.
Surprisingly, neither OXT-treatment nor the presence or absence of a partner modulated the expression of anxiety-like behaviors during a psychogenic stressor in marmosets. OXT has been shown to influence anxiety-like behavior in several gregarious (e.g., rats and mice) and socially monogamous (e.g., prairie voles) rodent species. Diminished endogenous OXT activity increased the expression of anxiety-like behavior (Amico et al., 2004) , while administering exogenous OXT reduced anxiety-like behavior (Grippo et al., 2009 ) during social isolation. Though OXT treatment has been shown to reduce anxiety-like behavior in rodents, OXT may not influence the sufficiently more complex anxiety-like behavior in non-human primates, which can manifest differently among individuals as a result of variation in genetics, development, experience with different kinds of stressors, as well as differs across species and social systems (Coleman and Pierre, 2014) . Research in humans has demonstrated that OXT-treatment reduces anxietylike behavior in some contexts and increases anxiety-like behavior in other contexts, which has brought into question OXT's standing as an anxiolytic compound (MacDonald and Feifel, 2014) , and suggests that OXT treatment may not necessarily be a useful long-term treatment for human anxiety disorders. The results of the current study suggest that the OXT system may be involved in the termination of the physiological stress response, potentially via enhancing partner-seeking behavior, but may not necessarily influence the expression of anxiety-like behavior in marmosets.
Concluding remarks
Intranasal OXT has gained support as a therapeutic agent due to its potential for treating anxiety-like psychological disorders (Meyer-Lindenberg et al., 2011) , as well as its relatively noninvasive method of administration. The results of the current study suggest that the OXT system may serve an important mechanistic role in the attenuation of the stress response. OXT-treatment and social context differentially influenced how the HPA-axis responded to stressors in male and female marmosets. The OXT system may modulate HPA-axis activity by promoting the expression of proximity behavior with a close social partner. While the results of the current study do not intimately link the OXT system with social buffering, we demonstrated that treatment with an OXTA increased the magnitude of the stress response, regardless of the presence of absence of a long-term mate, and that treatment with an OXTA reduced proximity to a pair-mate during a stressor. Thus, the OXT system may be an important regulator of partner-seeking behavior during stressful life events, as a means to buffer against social stress.
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